LCA Methodology 


Consequential Life Cycle Inventory Analysis 


LCA Methodology 

System Boundaries and Input Data in 
Consequential Life Cycle Inventory Analysis 

Tomas Ekvall 1 * and Bo P. Weidema 2 

1 Energy Systems Technology Division, Chalmers University of Technology, SE-412 96 Goteborg, Sweden 
2 2.-0 LCA consultants, Amagertorv 3, 2., DK-1160 Kabenhavn K, Denmark 

* Corresponding author l tomas.ekvall@me.chalmers.se ) 


DPI: http://dx.doi.orci/10.1065/lca2004.03.148 
Abstract 

Goal, Scope and Background. A consequential life cycle assess¬ 
ment (LCA) is designed to generate information on the conse¬ 
quences of decisions. This paper includes a comprehensive pres¬ 
entation of the consequential approach to system boundaries, 
allocation and data selection. It is based on a text produced 
within the SETAC-Europe working group on scenarios in LCA. 
For most of the methodological problems, we describe ideal 
methodological solutions as well as simplifications intended to 
make the method feasible in practice. 

Method. We compile, summarize and refine descriptions of con¬ 
sequential methodology elements that have been presented in sepa¬ 
rate papers, in addition to methodological elements and general 
conclusions that have not previously been published. 

Results and Conclusions. A consequential LCA ideally includes 
activities within and outside the life cycle that are affected by a 
change within the life cycle of the product under investigation. In 
many cases this implies the use of marginal data and that alloca¬ 
tion is typically avoided through system expansion. The model 
resulting from a consequential life cycle inventory (LCI) also in¬ 
cludes the alternative use of constrained production factors as 
well as the marginal supply and demand on affected markets. As 
a result, the consequential LCI model does not resemble the tra¬ 
ditional LCI model, where the main material flows are described 
from raw material extraction to waste management. Instead, it is 
a model of causal relationships originating at the decision at hand 
or the decision-maker that the LCI is intended to inform. 


Keywords: Allocation; consequential life cycle inventory analy¬ 
sis; input data; methodology; modelling; system boundaries 


1 Introduction 
1.1 Background 

The life cycle model developed in a life cycle inventory analy¬ 
sis (LCI) should be an appropriate description of the rel¬ 
evant parts of the technological system. What parts are rel¬ 
evant depends on the aim of the study. The consequential 
LCI methodology described in this paper aims at describing 
how the environmentally relevant physical flows to and from 
the technological system will change in response to possible 


changes in the life cycle. We distinguish it from attributional 
LCI methodology, which aims at describing the environmen¬ 
tally relevant physical flows to and from a life cycle and its 
subsystems. A consequential LCI methodology is designed 
to generate information on the consequences of actions. Text¬ 
books on decision theory (e.g., Grubbstrom 1977) are based 
on the recognition that such information is necessary to make 
a rational decision. 

Several authors have previously made similar distinctions be¬ 
tween the two types of life cycle assessment (LCA) methodol¬ 
ogy, although almost every author employs different terms to 
denote them (Heintz & Baisnee 1992, Weidema 1993, 
Baumann 1996, Frischknecht 1997, Heijungs 1997, Baumann 
1998, Cowell 1998, Hofstetter 1998, Ekvall 1999a, Tillman 
2000). The attributional/consequential terminology was 
adopted in 2001 at a workshop on LCI electricity data in 
Cincinnati (Curran et al. 2001), although the term attributional 
had already been in use for several years. 

Consequential LCI methodology can be used in most LCA 
applications (Ekvall 1999a). A consequential LCI is likely 
to result in more comprehensive and accurate information 
about the consequences of buying a product, but at this point 
in time it may still be difficult to reach consensus on its de¬ 
tailed application in specific situations, especially for envi¬ 
ronmental labeling. Hence, it is an important task for LCA 
researchers to develop explicit procedural guidelines for the 
consequential methodology. This paper is part of that re¬ 
search, focusing on the modelling of indirect effects. 

Most previous authors mention that consequential method¬ 
ology implies that allocation is avoided by means of system 
expansion, because multifunctional processes and open-loop 
recycling affect processes outside the life cycle originally in¬ 
vestigated. They also state that marginal data are to be used 
where relevant to describe the consequence of a decision. 
Consequential approaches to allocation problems are pre¬ 
sented by, for example, Azapagic (1996), Azapagic &C Clift 
(1999), Weidema (2000), Ekvall (2000b), and Ekvall & 
Finnveden (2001). A procedure for identifying marginal data 
is described by Weidema et al. (1999). Additional aspects of 
consequential methodology are described in a PhD thesis 
(Ekvall 1999a). The developments are summarized in re¬ 
cent reports (Weidema 2003, Weidema et al. 2004). 
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1.2 Aim and content of the paper 

The purpose of this paper is to give a concise but compre¬ 
hensive presentation of the consequential approach to sys¬ 
tem delimitation, allocation and data selection. It is based 
on a chapter in the SETAC-Europe working group report 
on scenarios in LCA (Weidema et al. 2004). We compile 
methodological elements from various sources in a presen¬ 
tation of how to decide what parts of the technological sys¬ 
tem should be included in a description of the effects of de¬ 
cisions on environmentally relevant physical flows and what 
type of data should be used to model these parts of the tech¬ 
nological system. For most of the methodological problems, 
we formulate what we consider to be the ideal methodo¬ 
logical solution in terms of relevance and accuracy. We also 
present simplifications intended to make the methods feasi¬ 
ble in practice. 

Sections 2-5 in this paper deal with different system bound¬ 
ary issues in the LCI. Section 6 deals with the question of 
what product should be supplied by unit processes in the 
expanded system. Section 7 presents a procedure for the iden¬ 
tification of the marginal technology for the parts of the 
system that are only marginally affected by changes in the 
life cycle under investigation. Section 8 touches briefly upon 
the problem of future technological development. Finally, 
Section 9 presents some general conclusions. 

2 Allocation for Multifunctional Processes 

The allocation problems related to multifunctional processes 
are fairly well known. They have been extensively discussed 
in, e.g., the former working group on Inventory Enhance¬ 
ment within the European branch of Society for Environ¬ 
mental Toxicology and Chemistry (SETAC) and in the inter¬ 
national organisation for standardisation (ISO). Although a 
compromise has been reached (ISO 1998), it has been criti¬ 
cized for its failure to take sufficient account of the fact that 
different approaches to the allocation problem are relevant 
to different situations (e.g., Ekvall 6c Tillman 1997, Baumann 
1998). It also fails to deal explicitly with all aspects of the 
methodological problems involved. Hence, there may be a 
need to refine the methodology, both through adjustments 
of the current description in the ISO standard and by means 
of the formulation of additional recommendations. 

The discussion and recommendations presented here are 
valid for consequential LCI methodology, i.e., for model¬ 
ling the consequences of possible actions. They are based, 
to a large extent, on previous publications by Weidema 
(2000) and Ekvall 6c Finnveden (2001). We distinguish be¬ 
tween allocation for multifunctional processes and alloca¬ 
tion for open-loop recycling, because different methodologi¬ 
cal descriptions apply to these two cases (Ekvall 1999a). 

Fig. 1 illustrates a simple, theoretical multifunctional proc¬ 
ess with two products. Only product A is used in the life 
cycle investigated; it provides an internally used function. 
Product B provides an external function, i.e., a function that 
is utilized in another system. 


Raw material 

1 

Multifunctional process 

S r 

Product A Product B 

(used in the life (used in other 

cycle investigated) life cycles) 

I 

Fig. 1: Illustration of a theoretical multifunctional process 

When the allocation problem can be expected to be insig¬ 
nificant for the conclusions of the study - e.g., based on 
experience from previous studies or because possible actions 
have little effect on the demand for Product A in the system 
investigated - the most easily applicable allocation approach 
can be used. What approach is the easiest to apply depends 
on, for example, what data have been collected for the 
multifunctional process. 

When the allocation problem can affect the conclusions of 
the LCA, the adequate approach to the allocation problem 
depends on how the process reacts to a change in the use of 
product A in the life cycle under study. We distinguish be¬ 
tween three different, theoretical types of multifunctional 
processes that call for different, consequential approaches 
to the allocation problem: 

1. Products A and B are produced independently 

2. Production of product B depends on the demand for prod¬ 
uct A. 

3. Production of product A depends on the demand for 
product B. 

In the first case, possible actions can have a significant ef¬ 
fect on the production of product A, but little effect on the 
production of product B, because both products are inde¬ 
pendently produced. Examples are batch production of dif¬ 
ferent products in a single production plant, and many serv¬ 
ice products. Our methodological recommendation is to 
divide the multifunctional process into single-functional sub¬ 
processes, if such exists (Fig. 2). Otherwise, allocation of 
the raw material demand, emissions and waste from the 



Fig. 2: Illustration of a theoretical multifunctional process that consists of 
two single-functional sub-processes 
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Fig- 3: Illustration of a theoretical multifunctional process and of the activities 
that may be indirectly affected by a change in the production of product B 


multifunctional process should be based on physical, causal 
relationships within the multifunctional process (as described 
in ISO 1998), or an approximation of these approaches. 

Justification: in this case, the quantity produced of product 
A may change but the quantity produced of product B is not 
significantly affected. Both subdivision and physical alloca¬ 
tion approaches model the effects on environmental bur¬ 
dens of a multifunctional process where the quantity pro¬ 
duced of one product is changed while the quantity produced 
of other products remains the same. 

In the second case, possible actions can have a significant 
effect on the production of both products, as the production 
volume of both products is decided by the demand for prod¬ 
uct A. If there is a demand for the function provided by 
Product B, the additional amount of product B is likely to 
replace another product fulfilling this function. As an ex¬ 
ample, consider an LCA of a diamond product. The residues 
from diamond mining (product B in Fig. 3) are fully used in 
road construction. An increased use of diamonds results in an 
increased quantity of residues being available for road con¬ 
struction. This means that other road construction materials 
can be replaced. If part of Product B goes to waste prior to the 
change in volume of the diamond production, the change is 
likely to affect the waste management of Product B. 

Our methodological recommendation in the second case is 
to include all environmental burdens from the multifunc¬ 
tional process in the system investigated. In addition, it should 
include the unit processes (if any) that would be affected by 
a change in the production of Product B, including the pos¬ 
sible change in waste management of Product B and in the 
production of competing products (product C in Fig. 3). The 
consequential LCI model should also include any signifi¬ 
cant differences in the environmental burdens of the use and 
waste management of product B, compared to the use and 
waste management of product C. 

Justification: the object of the consequential LCI is to include 
what is affected by a change in the use of product A in the life 
cycle under study. The multifunctional process is affected, since, 
in this case, it depends on the demand for product A. Hence, 
the multifunctional process should be included in the system. 
The production of product C could also be affected, as dis- 



Fig. 4: Illustration of a theoretical multifunctional process and of the activi¬ 
ties that may be indirectly affected by a change in the demand for Product 
A in the system investigated 


cussed above. If so, it should be included in the system inves¬ 
tigated. The same applies to any significant differences in the 
use and waste management phases of other life cycles that 
result from the change from product C to product B. 

The third case is when possible actions have little effect on 
the production of both products, because the production 
volume of both products is determined by the demand for 
product B. In this case, an increased use of product A in the 
system investigated will not affect the multifunctional proc¬ 
ess. Instead, one of three scenarios occurs. The first possi¬ 
bility is that the increased use of product A in the life cycle 
investigated results in a corresponding increase in the pro¬ 
duction of other products (product C in Fig. 4) that fulfil 
the same function as product A. If product A has more than 
one potential use, another scenario is possible: the result of 
an increased use of product A in the life cycle investigated is 
that a smaller quantity of product A is available for other 
purposes. This, in turn, could result in a corresponding in¬ 
crease in the production of other products that fulfil this 
alternative purpose (product D in Fig. 4). As an example, 
consider a hypothetical LCA of a table produced from 
particleboard that is manufactured from sawdust from a 
sawmill. The sawdust (product A) contributes little to the 
total revenues of the sawmill. The sawdust that is not used 
for particleboard production is sold at a lower price as for 
fuel. It is reasonable to assume that the sawmill processes 
are not affected by the demand from the particleboard pro¬ 
ducer. Instead, the effect of an increased production of 
particleboard is likely to be that less sawdust is sold as fuel 
and that other fuels (product D) will be used instead. 

A third scenario is likely if part of product A goes to waste 
prior to the action: the increased use of product A in the life 
cycle investigated means that less goes to waste. As an ex¬ 
ample, consider an LCA of a road. Part of the residues (now 
product A in Fig. 1 and Fig. 4) from a mining operation is 
used in the construction of this road. The remainder of the 
residues are deposited in a landfill. The use of the residues 
in the road construction is unlikely to affect the mining opera- 
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tion. Instead, the effect of the decision to use these residues 
is that less residues end up in the landfill. 

Our recommendation for the third case is to exclude the 
whole multifunctional process from the system under inves¬ 
tigation. Instead, the system investigated should include any 
significant reduction in waste management or alternative 
uses of product A. Furthermore, the system should include 
the production of products C and D, if these are affected by 
the use of product A. The consequential LCI model should 
also include any significant differences in the environmental 
burdens of the use and waste management of product A, 
compared to the use and waste management of products C 
and D. In the particleboard example, the system investigated 
should exclude the sawmill, but include the avoided use of 
sawdust as fuel as well as the production and use of the fuel 
that is required to replace the sawdust. In the road construc¬ 
tion example, the system should exclude the mining opera¬ 
tion, but include the avoided landfilling of mining residues. 

Justification: again, the object of the consequential LCI is to 
include what is affected by a change in the use of product A 
in the life cycle investigated. The multifunctional process is 
not affected, since, in this case, it only depends on the de¬ 
mand for product B. Hence, the multifunctional process 
should be excluded from the system. The production of prod¬ 
uct C and D might be affected, as discussed above. If so, 
they should be included in the system investigated. The same 
goes for the waste management of product A, if any. 

Note that the three cases presented above are ideal, theo¬ 
retical constructs. The behaviour of real multifunctional 
processes often is a combination of the different cases. Prod¬ 
ucts from a multifunctional process can rarely be expected 
to be completely independent of each other (Ekvall 8c 
Finnveden 2001) and a multifunctional process can rarely 
be expected to depend on the revenues from only one of the 
products. The considerations above do not primarily refer 
to such total independence, but to the dependencies involved 
when the production and use of product A is slightly in¬ 
creased or reduced. For such marginal changes, the above 
considerations give a reasonable reflection of real depend¬ 
encies. It should also be noted that the way in which prod¬ 
ucts depend on each other in a specific production process 
could vary over time and from market to market. 

The ideal option for dealing with the allocation problem 
caused by multifunctional processes is to include all unit 
processes to the extent that they are affected by a change in 
the use of product A in the life cycle investigated. A conse¬ 
quence of the previous paragraph is that this often means 
applying a combination of the approaches described above. 
Probably such a procedure is rarely feasible. Hence, simpli¬ 
fications are necessary. 

One line of simplification is to apply only one of the above 
approaches for each multifunctional process. This requires 
that for each multifunctional process, one of the cases above 
is chosen as the best approximation of the behaviour of the 
real multifunctional process. 


Another line of simplification is to use the easiest allocation 
approach for most of the multifunctional processes in the sys¬ 
tem investigated and only apply the more advanced approaches 
to the allocation problems that are expected to have the larg¬ 
est potential effect on the conclusions of the LCA. This re¬ 
quires that the potential significance of all allocation prob¬ 
lems in the system be estimated in qualitative terms, based on, 
for example, previous experience or rough calculations. 

There may be large uncertainties concerning what unit proc¬ 
esses are affected, and to what extent, by the use of product A. 
When the uncertainties are large, and the effects may be sig¬ 
nificant for the conclusions of the LCA, it is reasonable for the 
study to include different scenarios based on various assump¬ 
tions regarding the effects on the different unit processes. 

3 Allocation for Open-Loop Recycling 

As stated in the previous section, we describe allocation for 
open-loop recycling separately. Open-loop recycling is the 
recycling of material from one product system into another 
(ISO 1998). The allocation problem occurs when material 
is recycled from the system investigated as well as when 
material is recycled into it. The international standard for 
LCI allows for several different approaches to the alloca¬ 
tion problem, although it states that the approach used for 
outflows of recycled material should be consistent with the 
approach used for inflows of recycled material (ISO 1998). 

Quite often, if a material is recycled from the investigated 
system, it replaces other material, recycled or virgin in new 
products (Fig. 5). The effect of recycling material from old 
products into the system might be that landfill or waste in¬ 
cineration is reduced or that less recycled material is used in 
other product systems. In both cases, the ideal consequen¬ 
tial LCI methodology is to expand the system under study 
to include the unit processes that are actually affected by an 
increase or reduction in the flow to/from the life cycle inves¬ 
tigated. In this respect, open-loop recycling is similar to 
multifunctional processes, where the production of the ex¬ 
ternal function depends on the demand for the internally 
used function (Case 2 in Section 2). 



Fig. 5: Illustration of open-loop recycling to and from the product system 
investigated and of the activities that may be indirectly affected by a change 
in the quantities recycled 
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Fig. 6: A conceptual model of open-loop recycling through a market for recovered material (Ekvall 2000) 


In practice, it can be difficult to identify what unit processes 
are actually affected by a change in the recycling flows. Re¬ 
cycled material from the system investigated can replace 
material of the same type, i.e. virgin material or recycled 
material from other systems. It can also replace completely 
different types of material or no material at all (Ekvall & 
Finnveden 2001). Recycling of material into the system in¬ 
vestigated might affect different waste management proc¬ 
esses. It might also affect several other systems, in which the 
recycled material could have been used, replacing another 
and unknown material. Again, simplifications are required 
to make the methodology operational. 

A first line of simplifications is to assume that the recycled 
material only competes with virgin or recycled material of 
the same type. This assumption is, of course, valid unless 
the recycled material competes significantly with completely 
different types of material or with no material at all. With 
this simplification, we still need to establish to what extent 
recycled material from the system investigated replaces vir¬ 
gin material and to what extent it replaces recycled material 
from other systems. We also need to study to what ex-tent 
the use of recycled material in our system results in reduced 
waste management and to what extent it results in a reduc¬ 
tion in the use of recycled material in other systems. The 
static, conceptual model in Fig. 6 can be used for this inves¬ 
tigation. In this model, Y, X, D and S are flows of a specific 
type of recovered material to and from the market for that 
recovered material, and P is the price of the recovered mate¬ 
rial. The environmental inputs and outputs of different parts 
of the life cycle investigated are denoted V„ Rj, U„ W t , and 
Cj. The corresponding inputs and outputs from other life 
cycles are denoted V Q , R 0 , U Q , W 0 , and C Q . 

If the amount of recycled material from (or to) the product 
life cycle investigated is changed by AX (or AY), the effects 
on other life cycles can be calculated from the price elastic¬ 
ity of supply and demand in the market for recovered mate¬ 
rial. If X and Y are small compared to D and S, the price 
elasticity of supply (r| s ) and demand (r) D ) respectively is: 




AS/S 

AP/P 


( 1 ) 


% 


AD/D 

AP/P 


( 2 ) 


The effects, AD X and AS X , of a change AX can be calculated 
as follows (Ekvall 2000): 

AD X - (3) 

T|D-ris 

AS X = AXT1s (4) 

tid-t|s 


The effects, AD y and AS Y , of a change AY can be similarly 
calculated: 


AD Y = 


AYt|d 

riD-ris 


( 5 ) 


AS y 


AYt|s 

t|d-tis 


( 6 ) 


In many LCAs X and Y can both be changed, and the total 
effects, AD and AS, are the sums of the equations above: 

AD = -j£_ (AX-AY) (7) 

Pd-tis 

AS = —(AX-AY) (8) 

T|D -T|S 


Int J LCA 9 (3) 2004 


165 




Consequential Life Cycle Inventory Analysis 


LCA Methodology 


This elasticity approach requires that the relevant price elas¬ 
ticity values be identified. Values for price elasticity are gen¬ 
erally identified through the use of time series and econo¬ 
metric models. The price elasticity strongly depends on the 
time horizon of the study. In general, the price elasticity is 
larger in a long-term perspective than in a short-term per¬ 
spective since in the long-term perspective, decision makers 
are able to adapt to changes in the price when making in¬ 
vestments. The price elasticity also depends on, e.g., the col¬ 
lection schemes and the legislation in place at that time and 
in that location. This means that the price elasticity should 
ideally be identified for each individual case of open-loop 
recycling. Unfortunately, this is not likely to be feasible. In¬ 
stead, further simplifications are necessary. 

For this second line of simplifications, several alternatives 
exist (Fig. 7): 

• Use default values for the price elasticities, for example 
the values that are presented by Palmer et al. (1997) and 
summarized by Ekvall (2000); these values can be in¬ 
serted as ri s and p D in equations 7 and 8 above to calcu¬ 
late estimates of how the flow of the material to and 
from other life cycles are affected, 

• Assume that the demand and supply are equally elastic 
Hl D = Tls)> 

• Assume that the demand or the supply is completely in¬ 
elastic (p D or r| s is zero), or 

• Develop multiple scenarios based on different choices 
among the above approaches. 

The default values for price elasticity were applied by Berlin 
(2002) in order to model the consequences of cardboard recy¬ 
cling in an LCA of cheese. These were small compared to the 
total LCA results, which means that a simplified approach 
was fully justified. The main danger in using default values in 
other cases lies in a sense of false security. The actual elasticity 
in a particular recycling case can differ a great deal from the 
default values. For the price elasticity for the supply of old 
newsprint, the literature includes estimates ranging from 0.06 
to 1.70 (Palmer et al. 1997). The extremely large span be¬ 
tween the estimates may be due to errors in individual esti¬ 
mates, but it is also caused to some extent by case specific 



Fig. 7: Example of possible simplifications at consequential modeling of 
open-loop recycling. Additional alternatives for the second line of simplifi¬ 
cations is to use default values for the price elasticities or to develop mul¬ 
tiple scenarios based on different values for the price elasticities 


factors such as the time horizon of the study and the time and 
place where the material was collected for recycling. 

As an alternative to using default values, it can be assumed 
that supply and demand are equally elastic. The consequence 
of such an assumption is that 50% of the recovered material 
from the life cycle investigated in the LCI model replaces 
material recovered from other life cycles and the remaining 
50% is a net increase in total recycling. With this alterna¬ 
tive approach, the LCI model takes into account the fact 
that recycled material from the system investigated can re¬ 
place virgin and recycled material from other systems. This 
approach was used for modelling the effect of PET recycling 
in a study on beverage packaging (Ekvall et al. 1998). 

The third option is to decide whether the supply or the de¬ 
mand is the most inelastic, and set this elasticity to zero. In 
an LCI model based on this approach, recovered material 
from the system investigated only replaces virgin material 
or only material recovered from other systems. This approach 
might be easier to apply than the approaches above, because 
it renders the LCI model less complicated. Ekvall et al. (1998) 
used this approach to model the consequences of glass, steel 
and aluminium recycling. This simplification will probably 
not significantly affect the LCI results if the difference be¬ 
tween the actual price elasticity of supply and demand is 
large for the recovered material. 

There is apparently a large uncertainty in the price elasticity 
of supply and demand. When this uncertainty appears sig¬ 
nificant for the conclusions of the LCA, it is reasonable to 
develop different scenarios based on various assumptions 
related to price elasticity. 

In many cases, open-loop recycling has a negligible effect on 
the LCI results. This is likely to be the case when, for exam¬ 
ple, the flows of recycled material are small compared to 
the flows of similar materials within the life cycle investi¬ 
gated. When there are good reasons, based on experience 
etc., to assume that the recycling has no influence on the 
conclusions of the LCA, the effects on activities outside the 
life cycle can be excluded from the study. A final line of 
simplification is to apply this simple cut-off approach to most 
of the flows of recycled material and apply the more ad¬ 
vanced approaches to only the most important flows. 

4 Alternative Use of Constrained Production Factors 

A constrained production factor is here defined as a resource 
over which there is competition and where the production 
volume is constrained. Such resources include renewable as 
well as non-renewable resources. They include natural re¬ 
sources but also man-made resources (i.e., products), where 
the quantity produced is constrained by, e.g., legislation or 
physical restrictions. 

An increased use of constrained production factors in the life 
cycle investigated does not affect the production or extraction 
of the resource. Instead, it means that less is available for other 
parts of the technological system. This, in turn, may result in 
an increased production of other products that fulfil the same 
purpose. A special case is a multifunctional process, where 
the production of the inherently used product depends on the 


166 


Int J LCA 9 (3) 2004 





LCA Methodology 


Consequential Life Cycle Inventory Analysis 



Fig. 8 : Illustration of the production/extraction of a constrained production 
factor and of the activities that can be affected by a change in the use of 
this resource in the life cycle investigated 


demand for externally used products (Case 3 in Section 2). 
The ideal, consequential LCI methodology can be derived from 
this case, namely to exclude the production of the constrained 
production factors from the analysis, as long as it is unaf¬ 
fected by a change in the life cycle investigated. Instead, the 
system investigated should be expanded to include the alterna¬ 
tive use of the constrained production factors and the produc¬ 
tion of the competing products (Product C and D in Fig. 8). 
The use and waste management in other life cycles should 
also be included if they are affected by a change from the 
constrained production factors to alternative products. 

Note that the production of constrained production factors 
does not necessarily take place in multifunctional processes. 
In other words, this is a case where consequential LCI meth¬ 
odology calls for system expansion even though there may 
be no allocation problem. 

As an example, consider the forest industry. Several LCAs have 
been performed in order to compare paper recycling with waste 
paper incineration and energy recovery (Finnveden & Ekvall 
1997). In many cases the results indicate that the incineration 
option is preferable, because the energy from the paper may 
reduce the demand for fossil fuels. In simple terms, the overall 
effect of waste paper incineration may be that renewable en¬ 
ergy in the form of pulpwood is transformed to paper and 
then used to replace fossil fuels. 

It is not necessary to produce paper from the wood before it 
is used to replace fossil fuels. The recycling option results in 
a reduced demand for pulpwood. Since pulpwood is a re¬ 
newable resource, this reduction in resource demand is of¬ 
ten assumed to be of little or no environmental significance 
(Hauschild &C Wenzel 1998, Steen 1999). However, in a sus¬ 
tainable future, forest areas and wood are likely to be a re¬ 
newable but constrained production factor because arable 
land area will be required to produce food and energy as 
well as material. A reduced demand for pulpwood means, 
from a sustainable perspective, that more land will be avail¬ 
able for energy production. Hence, in a sustainable future, 
the effect of saving pulpwood could mean the production of 
more renewable fuel with less impact on biological diversity 
etc. The alternative use of woodland as a source for energy 
has been included in a case study made to compare recycling 
and incineration of newsprint and corrugated board (Baumann 



Fig- 9: Illustration of the analysis of alternative use of wood by Baumann 
etal. (1993) 


et al. 1993; see Fig. 9). The alternative use of wood was shown 
to be a key issue in this comparison (Ekvall 1999b). 

As a second example, consider hydropower. On some elec¬ 
tricity markets, it is possible to buy electricity generated by 
a particular production technology. It may be possible to 
purchase, e.g., wind power or hydropower. When an elec¬ 
tricity contract specifies the production technology, the elec¬ 
tricity supplier is responsible for supplying the correspond¬ 
ing amount of electricity from this production technology 
to the grid. Kaberger & Karlsson (1998) argue that, in this 
case, data from the specified technology should be used in 
the LCA rather than average or marginal data for the geo¬ 
graphical area. As an example, if the electricity contract of a 
Nordic aluminium producer specifies hydropower, data on 
hydropower production should be used in the LCA, rather 
than data on average or marginal electricity production in 
the Nordic countries. However, hydropower is a constrained 
production factor in the Nordic countries. An increase in 
the use of hydropower for aluminium production is not likely 
to result in an increase in total hydropower production in 
these countries. Instead, less hydropower will be available 
for other processes. If the electricity consumption of other 
consumers is unaffected, this means that the demand for the 
marginal electricity production technology is increased. 
Ekvall et al. (1998) argue that the long-term marginal tech¬ 
nology for electricity production in the Nordic countries may 
be new plants based on coal or natural gas, or existing Swed¬ 
ish nuclear power. The alternative use of hydropower is ob¬ 
viously likely to be significant for the LCA results for an 
aluminium product. The identification of marginal technolo¬ 
gies is further discussed in Section 7. 

The examples above are not exhaustive. Oil and coal with 
low sulphur content is a constrained production factor. If a 
low-sulphur fuel is used in the life cycle investigated, fuels 
with higher sulphur content are likely to be used in other 
systems. Sawdust was previously regarded as a waste flow. 
Now it can be considered as a constrained production fac¬ 
tor: if not used for the production of particleboard, it can be 
used for fuel production (see Section 2). There are probably 
many other such examples. 

It is clear from the above that the alternative use of con¬ 
strained production factors can have important, indirect ef¬ 
fects. If these effects are included in the LCA, they may signifi- 
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candy alter the conclusions of the study. If they are not in¬ 
cluded, the conclusions may result in an environmental sub- 
optimisation of the system, e.g., incineration with energy 
recovery of waste paper instead of recycling of paper com¬ 
bined with fuel production in the forest. 

5 General Market Effects 

A traditional LCA is based on the implicit assumption that 
an increased use of a product in the life cycle investigated 
will result in a corresponding increase in the production of 
that product. The discussion above illustrates that this is 
neither the case for certain products from multifunctional 
processes (Section 2, Case 3) nor for products for which the 
quantity produced is constrained by, e.g., legislation or physi¬ 
cal restrictions (Section 4). 

In fact, it is reasonable to expect that the assumption is invalid 
for products in general. Referring to the example of the 
particleboard table in Section 2, it is not certain that the 
production of particleboard is affected by decisions to pur¬ 
chase the table. The production of the table may even be 
unaffected. Instead, the effect of decisions to buy the table 
might be that less particleboard or fewer tables of this type 
are available for other purchasers. The indirect effects of 
buying the table may be that particleboard is replaced by 
other materials in other products and/or that the produc¬ 
tion and distribution of other types of tables are increased. 
This indicates that economic analyses of the table market, 
the table manufacturer, the markets for particle board and 
competing materials, the producer of the particle board and 
so on are required to accurately estimate the environmental 
consequences of buying the table. 

This conclusion can easily be generalized for other products. 
Increased use of a product in the life cycle investigated is likely 
to contribute to an increase in the price of the product. This, 
in turn, is likely to result in a reduced use of the product in 
other life cycles. This can be called a negative feedback mecha¬ 
nism. The strength of the negative feedback and, hence, the 
effects of a change depend on how sensitive production and 
demand are to changes in price. This sensitivity can be quan¬ 
tified in terms of price elasticity (cf. Section 3). 

On the other hand, the use of a new product in the life cycle 
may help the producer to establish the product on the market. 
It may also inspire others to use the product. These are posi¬ 
tive feedback mechanisms: as a result of these mechanisms the 
increased use of a product in the life cycle investigated can 
result in increased use of the product in other life cycles. 

Co-operation between economists and engineers is probably 
required to model the general market effects. Since price 
elasticity values etc. can be difficult to obtain, simplifications 
are also required to make the consequential LCI methodol¬ 
ogy applicable (cf. Section 3). The most obvious simplifica¬ 
tion is to reduce the size of the system investigated: to re¬ 
strict the study to the activities that are expected to be most 
affected by the environmental impacts of the action, regard¬ 
less of whether these activities are located within or outside 
the life cycle of the product investigated. 


6 Identification of the Competing Product 

Product substitution means that a product - including ma¬ 
terials and services - is replaced by another. As indicated 
above (Sections 2 through 5), it is essential to know what 
products are likely to be substituted by, for example the co¬ 
products or recycled material that leaves the life cycle when 
allocation is avoided by means of system extension. The fol¬ 
lowing procedure (based on Weidema et al. 1999b) can as¬ 
sist in the identification of competing products: 

The first step in this procedure is to describe the externally 
used product (e.g., product B in Fig. 3) in terms of its prop¬ 
erties. These properties may be divided into three groups 
depending on their importance to the customer. Obligatory 
properties, which a competing product must have in order 
to be considered as an alternative, include the main func¬ 
tion of the product. They can also include, for example, 
additional services, aesthetic properties, image, technical 
quality, reasonable total cost, and specific environmental 
properties. In addition, the product may have positioning 
properties, i.e. properties that improve the market position 
of the product when compared to products with similar 
obligatory properties. 

The second step of the procedure is the identification of the 
market segments that are affected by the externally used prod¬ 
uct. Different market segments can be geographically sepa¬ 
rated, due to climate, regulations, consumer culture, etc. Within 
a certain geographical area, similar products with slight dif¬ 
ferences in the obligatory properties may serve different needs 
and, hence, affect different customer segments. Weidema et 
al. (1999b) also mention market segmentation in terms of the 
temporal aspects of the products. This includes peak time elec¬ 
tricity and rush hour telecommunications. 

The third, and final, step is to identify the competing prod¬ 
ucts in the market segment affected. These are products with 
the same obligatory properties as the externally used prod¬ 
uct. Several competing products may of course exist in each 
market segment. The LCI model should ideally include all 
competing products that are significantly affected by a change 
in the production of the externally used product. The elas¬ 
ticity approach in Section 3 describes how the affected prod¬ 
ucts can be included in the case of open-loop recycling. Sec¬ 
tion 7 includes a more general description of how to identify 
the production technologies that are affected by a marginal 
change in the demand or supply in the market segment. 

The performance of a detailed analysis of all product substi¬ 
tutions in the expanded LCI model, as outlined in this sec¬ 
tion, is unlikely to be feasible. The most obvious line of 
simplifications is to restrict the detailed analysis to the prod¬ 
uct substitutions that are expected to be the most important 
to the conclusions of the LCA. 

7 Identification of the Marginal Technology 

A specific product might be produced by means of different 
technologies. Electricity, for example, can be produced with 
technologies with quite diverse environmental properties. 
As stated above, a consequential LCI aims at describing the 
consequences of changes. This means that the input data 
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used for modelling the production of a specific product 
should reflect the relevant properties of the technologies that 
would be affected by a change in the life cycle investigated. 
If the effect of a decision on the total production volume of 
a product is small enough to be approximated as infinitesi¬ 
mal, it is termed a marginal effect. The technology affected 
by such marginal changes is called marginal technology. 

The procedure presented below can assist in identifying 
marginal technologies. It is based on a five-step (a-e) proce¬ 
dure presented by Weidema et al. (1999) and essentially aims 
at answering two questions: 

1. What is the situation in which the studied change in de¬ 
mand occurs? The first three steps (a-c) deal with this 
question. 

2. Given this situation, what specific technology is affected 
by the change? The last two steps (d-e) aim at identify¬ 
ing this technology. 

a) What are the relevant time aspects? 

Economists distinguish between short-term and long-term ef¬ 
fects of a change. Short-term effects only include effects on 
the utilization of existing production capacity. The capacity 
itself is assumed to be constant in the short-term perspective. 
When long-term effects are investigated, the production ca¬ 
pacity is assumed to adapt to the change, and the utilization 
of this capacity is assumed to be constant. 

In reality, any change can be expected to have a combina¬ 
tion of short-term and long-term effects. In addition, short¬ 
term as well as long-term effects can be fairly complex in a 
dynamic system. For example, the short-term effects of an 
increased electricity demand are likely to concern technolo¬ 
gies for production of a mixture of peak-hour and base-load 
electricity. The long-term effects can include consequences 
for investments in various technologies (Mattsson et al. 
2001). Hence, the actual marginal effects can be too com¬ 
plex to model accurately. 

In this case an obvious line of simplification is to adapt the 
distinction made by economists between a short-term and a 
long-term perspective, and to include in the model either the 
short-term or the long-term marginal effects. What effects 
should be included depends on the time perspective of the 
study as a whole but, in most cases, we expect that the long¬ 
term effects will be the most relevant to the model, because 
environmental studies are typically driven by a concern for 
the long-term situation, and because individual short-term 
decisions contribute to the accumulated trend in the market 
volume, which is the basis for decisions on capital invest¬ 
ment (i.e. long term effects). 

A second line of simplifications is to ignore the dynamics of 
the system. This means that the system is modelled as a static 
system before and after the implementation of any changes 
in the life cycle investigated. 

b) Are specific processes or overall markets affected? 

If a decision will only affect a specific process, then the tech¬ 
nology of this process is per definition the marginal technol¬ 
ogy. If the decision influences a market, it is necessary to 


identify the marginal technology of this market. The identi¬ 
fication of the relevant market segment is described in Sec¬ 
tion 6. The subsequent steps (c—e) describe the identifica¬ 
tion of the marginal technology in this market. 

c) What is the trend in the market? 

If a market is affected, the next step is to identify the overall 
trend in the demand on the relevant market segment. This is 
often given by statistical time series. The trend need not be 
precisely described. It is sufficient to determine whether or 
not the overall demand on the relevant market segment is de¬ 
creasing at a rate that is higher than the replacement rate of 
existing production capacity. If so, the long-term marginal tech¬ 
nology is the technology that is most likely to be phased out. 
If the demand is increasing or decreasing at a slower rate, the 
long-term marginal technology is likely to be the technology 
chosen when new production capacity is installed. 

d) What technologies are flexible? 

If the production capacity - or the rate of change in terms of 
capacity - of a technology is fixed, its capacity cannot be 
affected by any decisions based on the LCA results. Hence, 
it can never be the long-term marginal technology. If the 
production volume - or the rate of change in production (cf. 
Section 4, and case 3 in Section 2) - is fixed, it cannot even 
be the short-term marginal technology. There may be many 
reasons for a technology to be constrained in its ability to 
adjust its production capacity or its production volume: 

• natural constraints: e.g., the amount of water available 
in a specific region (cf. Section 4), 

• political constraints: e.g., emission limits, quotas, ban 
on specific technologies (cf. Section 4), and 

• market constraints for co-products: e.g., co-generated 
heat, animal products (cf. case 3 in Section 2). 

In some cases, these constraints can be affected by changes 
in the life cycle investigated. For example, a change in the 
electricity demand may influence the political constraints 
on nuclear power in Sweden and Germany (Ekvall et al. 
1998) or on coal power in Denmark. Ideally, the effects of 
changes on these constraints should be taken into account 
in a consequential LCA. In reality, such effects are probably 
too difficult to model. Hence, an obvious line of simplifica¬ 
tion is to treat the constraints as fixed entities when the model 
is developed. This means that any effects on the constraints 
are disregarded. 

e) What technology is actually affected? 

The marginal technology is among the technologies where 
the production or the production capacity can be adjusted 
in response to changes in the life cycle investigated. Long¬ 
term effects will take place either in the technology that is 
most likely to be phased out or the technology that is most 
likely to be installed (see above). These preferences are typi¬ 
cally determined by the production cost per unit. The tech¬ 
nology to be phased out is likely to be the installed technol¬ 
ogy with the highest short-term costs. The technology to be 
installed is likely to be the technology with the lowest long¬ 
term costs. 
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In some cases, several technologies can compete at the same 
cost. In this case, the marginal effects are likely to concern a 
mix of technologies, even when the model includes only 
short-term or long-term marginal effects and the dynamics 
of the system are disregarded. The most accurate LCI model 
is obtained if each affected technology is included in the 
LCI model in proportion to the price elasticity of supply for 
this technology. A simplified method is to include in the 
model only the technology that appears to be the most sen¬ 
sitive to changes in demand on the market. 

8 Technology Development 

Decisions that are affected by the consequential LCI, and 
the consequences of these decisions, take place after the study 
has been completed. Describing such consequences requires 
an investigation into the future. It is a historic fact that many 
technologies have been significantly refined over the years. 
As a consequence, the energy demand and emissions per 
functional unit have often been radically reduced. This indi¬ 
cates that it is not reasonable to assume that the environ¬ 
mental properties of the technologies in a future system are 
accurately described through the use of data that represent 
current technologies. 

At the same time, it can be hazardous to take future techno¬ 
logical advances into account in an environmental assess¬ 
ment of future systems. The type and magnitude of future 
environmental improvements are uncertain. The uncertainty 
can be dealt with through the development of different sce¬ 
narios based on various assumptions regarding technologi¬ 
cal development. This reduces the risk that future environ¬ 
mental improvements are taken for granted. Several possible 
tools for such scenario development are available (Weidema 
2003). The different tools can be used for generating vari¬ 
ous types of knowledge about the future. Extrapolation and 
dynamic modeling often aim at describing the expected, sur¬ 
prise-free, or most probable future. Exploratory methods 
aim at describing the variation of possible futures. Norma¬ 
tive methods aim at describing routes to a desired future. 
Consequential LCI typically aims at foreseeing consequences. 
This indicates that extrapolation and dynamic modeling can 
often be relevant tools for describing technology develop¬ 
ment in a consequential LCI. However, exploratory meth¬ 
ods can be used for generating scenarios that illustrate the 
large uncertainty in the technological development. 

9 General Discussion and Conclusions 

The distinction between a consequential and an attributional 
LCA was developed in the process of resolving the meth¬ 
odological debates over allocation problems and the choice 
of data. However, it is clear from this presentation that the 
aim of describing the effects of decisions on environmen¬ 
tally relevant physical flows has consequences beyond the 
problems of allocation (see Sections 2 and 3) and marginal 
data (Section 7). The parts of the technological system in 
such a description include the alternative use of constrained 
production factors (see Section 4). They also include the 
marginal supply and demand on markets that are affected 
by decisions in the life cycle investigated (Sections 5 and 6). 



Fig. 10: The consequences of changes made by a decision-maker propa¬ 
gate through the overall economic and technological systems and not only 
upstream and downstream in the life cycle (Ekvall 2003) 


When the aim is to describe the consequences of changes, it is 
usually not sufficient, and perhaps not even relevant, to trace 
the materials in the product investigated back to the cradle - 
that is, to the extraction or generation of the natural resources. 
The decision to buy the product does not necessarily imply 
an increase in the amount of natural resources extracted. In 
general terms, the consequences of an action do not necessar¬ 
ily propagate through the life cycle, but through the overall 
economic and technological systems in chains of cause-and- 
effect relationships, somewhat resembling the ripples caused 
by a stone thrown in a lake (Fig. 10). 

The natural starting point of a consequential LCI of a spe¬ 
cific decision is the decision itself - that is, the point where 
the stone hits the water. The consequential LCI describes 
how the decision affects the technological activity, both di¬ 
rectly where the decision is implemented and its secondary 
effects on the use of intermediate products. It goes on to 
describe how this decision is expected to affect, for example, 
the production of these intermediate products as well as the 
use of the intermediate products in other processes. If it is 
possible to go further, the consequential LCI describes how 
these changes, in turn, are expected to affect other production 
processes, the use of energy, material and products in other 
parts of the technological system, and the environmentally 
relevant physical flows to and from the affected activities. 
Hence, the consequential LCI model does not resemble the 
traditional LCI model, where the main material flows are de¬ 
scribed from raw material extraction to waste management. 
Instead, it is a model of chains of causal relationships. 

In this context economic causal relationships are at least as 
important as physical flows. The effects of a decision de¬ 
pend on how sensitive the production and demand of af¬ 
fected products are to changes in the price (see Section 5). 
They also depend on how easily the affected product can be 
substituted for other products and on the likely substitute 
products (Section 6). Such aspects are included in economic 
partial equilibrium models (Bouman et al. 2000). Hence, a 
solution might be to integrate partial equilibrium models 
into the LCI. Bouman et al. state that different types of 


170 


Int J LCA 9 (3) 2004 



LCA Methodology 


Consequential Life Cycle Inventory Analysis 


models generate different and complementary types of in¬ 
formation. They suggest that an integration of different tools 
entails a risk that the specific advantages of the different 
tools are lost. However, in this case, the integration of tools 
- LCI and partial equilibrium analysis - would result in a 
new tool with specific advantages with regard to modelling 
the consequences of changes. 

It is reasonable to expect that the uncertainties in the eco¬ 
nomic analysis will be significant. Describing the conse¬ 
quences of decisions also means facing the general challenge 
of futures studies. The future is inherently uncertain, and 
the actual future consequences of decisions are highly un¬ 
certain. Dealing with this uncertainty requires that methods 
of futures studies are applied in the consequential LCI. The 
large uncertainties also make it impossible or pointless to 
estimate the consequences far down the cause-and-effect 
chains. This implies that the boundaries of the system inves¬ 
tigated should ideally be defined at the point where the con¬ 
sequences are so small, or the uncertainties so large, that 
further expansion of the boundaries will yield no informa¬ 
tion that is significant for any realistic decision. 
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